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Nude mice are characterized by the absence of visible hair, epidermal defects, and the failure to develop a thymus. This
phenotype results from loss-of-function mutations in Whn (Hfh11), a winged-helix transcription factor. In murine epidermis
and hair follicles, endogenous whn expression is induced as epithelial cells initiate terminal differentiation. Using the
promoter for the differentiation marker involucrin, transgenic mice that ectopically express whn in stratified squamous
epithelia, hair follicles, and the transitional epithelium of the urinary tract were generated. Transgenic epidermis and hair
follicles displayed impaired terminal differentiation and a subset of hair defects, such as delayed growth, a waved coat, and
curly whiskers, correlated with decreased transforming growth factor (TGF)-a expression. The exogenous Whn protein also
stimulated epithelial cell multiplication. In the epidermis, basal keratinocytes exhibited hyperproliferation, though
transgene expression was restricted to suprabasal, postmitotic cells. Hair follicles failed to enter telogen (a resting period)
and remained continuously in an abnormal anagen (the growth phase of the hair cycle). Ureter epithelium developed severe
hyperplasia, leading to the obstruction of urine outflow and death from hydronephrosis. Though an immune infiltrate was
present occasionally in transgenic skin, the infiltrate was not the primary cause of the epithelial hyperproliferation, as the
immune reaction was not observed in all affected transgenics, and the transgene induced identical skin and urinary tract
abnormalities in immunodeficient Rag1-null mice. Given the effects of the transgene on cell proliferation and TGFa
expression, the results suggest that Whn modulates growth factor production by differentiating epithelial cells, thereby
regulating the balance between proliferative and postmitotic populations in self-renewing epithelia. © 1999 Academic PressKey Words: winged-helix transcription factor; whn; hfh11; epidermis; hair follicle.
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The epidermis and hair follicles are self-renewing struc-
tures that require a balance between epithelial cell multi-
plication and terminal differentiation for their formation
and maintenance (reviewed in Fuchs, 1990). The disruption
of this balance is a feature of skin diseases such as cancer
and psoriasis and a consequence of conditions that perturb
1 To whom correspondence should be addressed at Cutaneous
Biology Research Center, Massachusetts General Hospital East,t
m
Building 149, 13th Street, Charlestown, MA 02129. Fax: (617)
726-4453. E-mail: janice.brissette@cbrc2.mgh.harvard.edu.
54kin homeostasis such as wounding, inflammatory stimuli,
nd UV radiation. The maintenance of the correct propor-
ions of proliferating and differentiating cells presumably
nvolves the interplay of intra- and extracellular signals, but
he factors that control a cell’s decision to multiply or
ifferentiate remain largely unknown.
Loss-of-function mutations in a single gene designated
hn (winged-helix nude) or hfh11 (hepatocyte nuclear fac-
or 3/forkhead homolog 11) cause the nude mouse and rat
henotypes (Nehls et al., 1994; Segre et al., 1995), which are
haracterized by defects in the hair follicles, epidermis, and
hymus (Flanagan, 1966; Pantelouris, 1973). whn encodes a
ember of the winged-helix or forkhead family of transcrip-
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55Whn Regulates Epithelial Developmenttion factors, which share a highly conserved stretch of 100
amino acids that mediates sequence-specific DNA binding
(Kaufmann and Knochel, 1996). The negatively charged
C-terminal portion of Whn can stimulate transcription
when fused to the Gal4 DNA-binding domain (Brissette et
al., 1996; Schu¨ddekopf et al., 1996), indicating that Whn
functions as a transcriptional activator. Members of the
winged-helix family direct tissue-specific transcription
(Kaestner et al., 1994; Lai et al., 1993), affect cell fate
decisions during embryogenesis (Ang and Rossant, 1994;
Xuan et al., 1995), and influence tumorigenesis (Li and
Vogt, 1993).
The nude alleles are recessive and lead to abnormalities
in cutaneous and thymic epithelial development. Thymus
formation is arrested in nude animals, as epithelial precur-
sor cells generate the thymic primordium but then fail to
produce the subcapsular, cortical, and medullary regions of
the mature thymus (Nehls et al., 1996). The resulting
thymic rudiment is not populated by lymphocytes, and the
animals exhibit a deficiency of mature T cells. Nude mice
also lack visible hair, due at least in part to an impairment
in follicular differentiation (Ko¨pf-Maier et al., 1990).
Though nude follicles appear normal during early stages of
morphogenesis, the follicles frequently fail to form the hair
cortex, develop defects in the inner root sheath and hair
cuticle, and produce short, bent hair shafts that rarely
protrude above the epidermis. Aberrant differentiation is
further exhibited by the nude interfollicular epidermis,
which contains highly irregular piles of cornified debris in
the stratum corneum (Ko¨pf-Maier et al., 1990). In culture,
nude mouse primary keratinocytes display an increased
propensity to arrest growth and express late markers of
terminal differentiation, even under conditions that pro-
mote multiplication (Brissette et al., 1996). Furthermore,
the nude keratinocytes must be plated at much higher
densities than wild-type cells to obtain growing cultures.
Consistent with these proliferation defects, nude mouse
skin exhibits an increased resistance to the experimental
induction of tumors (Holland et al., 1976; Yuspa et al.,
1979). Thus the nude mutations have pleiotropic effects,
influencing both the proliferation and the differentiation of
cutaneous and thymic epithelial cells.
whn gene expression is detected in many tissues during
embryonic development and is always restricted to epithe-
lial cells (Lee et al., 1999). In the skin, whn expression is
associated primarily with cells in the early stages of termi-
nal differentiation, such as the first suprabasal layer of the
epidermis and the postmitotic cells of the upper hair bulb
(Lee et al., 1999). In addition to these sites, whn is expressed
by a small number of cells in the basal epidermal layer and
proliferative bulbar matrix, suggesting that these cells are
initiating terminal differentiation and will soon migrate
upward. Thus whn expression appears to encompass the
transition from proliferation to terminal differentiation.
This expression pattern suggests that whn may influence
growth/differentiation decisions, but the mechanism of
whn action in the skin and other organs is not known.
Copyright © 1999 by Academic Press. All rightTo further investigate whn function, we have generated
transgenic mice that express whn from the promoter for
involucrin (Carroll et al., 1993), a component of the corni-
fied envelope present in the epidermis, hair follicles,
urothelium, and other stratified epithelia (de Viragh et al.,
1994; Rice and Green, 1979; Walts et al., 1985). In the skin,
involucrin is restricted to postmitotic epithelial cells and
serves as a marker of epidermal and follicular terminal
differentiation. In the epidermis, the involucrin gene (inv) is
highly expressed at late stages of differentiation (i.e., the
upper spinous and granular layers), while endogenous whn
expression is lost as differentiating keratinocytes migrate
from the first suprabasal layer toward the surface (Lee et al.,
1999). Thus the transgene should extend the domain of
epidermal whn expression, prolonging whn activity as cells
proceed through the differentiation program. Here, we show
that transgene expression has two major effects: the disrup-
tion of differentiation in the epidermis and hair follicles and
the induction of epithelial cell proliferation in the skin and
urinary tract. Based on the effects of the transgene as well as
the nude mutations, we discuss a model of whn function
and propose that whn regulates the balance between growth
and differentiation in self-renewing epithelia.
MATERIALS AND METHODS
Plasmid Construction and Generation
of Transgenic Mice
The transgenic construct utilizes a mouse whn cDNA (Brissette et
al., 1996) containing the complete coding sequence (nucleotides
97–2135; Nehls et al., 1994). At the translation start site, a Kozak
sequence (CCACC; Kozak, 1989) and Flag epitope tag (MDYKD-
DDDK; Knappik and Pluckthun, 1994) were inserted by PCR-based
subcloning and confirmed by sequencing. The tagged cDNA was
ligated into the NotI site of the expression vector H3700-pL2 (Carroll
et al., 1993), which carries the human involucrin promoter and other
regulatory elements. From 59 to 39, the transgene consists of the
involucrin gene’s upstream regulatory region (2.5 kb), the 59 untrans-
lated exon of involucrin (43 bp), the involucrin intron (1.2 kb), an SV40
intron, the whn cDNA, and an SV40 polyadenylation signal.
The inv–whn transgene was excised from the parent plasmid by
digestion with SalI, isolated by low-melting-point agarose gel
electrophoresis, and purified with an Elutip-D column (Schleicher
and Schuell). The construct was injected into fertilized oocytes of
DBA 3 C57BL/6 mice at the CBRC Transgenic Facility (Hogan et
al., 1986). Transgenic animals were identified by either PCR or
Southern blot analysis of genomic DNA isolated from tail; PCR
primers corresponded to nucleotides 775–796 and 1449–1470 of the
whn cDNA. Founders were backcrossed with C57BL/6 mice to
establish lines.
Skin Grafting Assays
Full-thickness skin grafting assays were performed using a
modified version of the technique of Sundberg et al. (1994).
Newborn skin approximately 1 cm2 was grafted onto an equivalent-
sized section of the host’s dorsal panniculus carnosus. The graft
was covered with Vaseline gauze and protected by a bubble-shaped,
s of reproduction in any form reserved.
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56 Prowse et al.silicon chamber, which was open to the air and secured by wound
clips to the surrounding skin. The grafting chamber and gauze were
removed 5–7 days after the procedure, and grafts were allowed to
mature at least 3 more weeks prior to the removal of biopsies.
Isolation and Culture of Mouse Primary
Keratinocytes
Primary keratinocytes were prepared from newborn mice and
grown in minimal essential medium with 0.05 mM CaCl2, 4%
helex-treated fetal calf serum, and 10 ng/ml EGF (Collaborative
esearch) as described previously (Hennings et al., 1980). Differen-
iation was induced by addition of CaCl2 to a final concentration of
2 mM.
Preparation of Antiserum
Polyclonal antibodies were generated against an N-terminal
peptide of murine Whn (amino acid residues 36–47; Nehls et al.,
994). The rabbit serum was affinity purified at H.T.I. Bio-Products,
nc.
RT-PCR
Total RNA was prepared from mouse ureter and bladder using
the Qiagen RNA midiprep kit. The isolated RNA was treated with
RNase-free DNase I (Promega), and first-strand cDNAs were syn-
thesized using random primers and 10 mg of each RNA sample
Stratagene First Strand RT-PCR Kit). PCR was then performed
sing primers specific to either inv–whn or b-actin cDNAs. The
pstream inv–whn primer corresponded to the transgene’s untrans-
ated involucrin exon (nucleotides 803–822; Eckert and Green,
986), and the downstream primer was complementary to nucleo-
ides 516–537 (Nehls et al., 1994) of the whn cDNA. Thus these
rimers span the transgene’s introns and will distinguish inv–whn
DNA from the chromosomal transgene. The primers to the
urine b-actin cDNA corresponded to nucleotides 205–227 and
98–723 (Tokunaga et al., 1986).
Histological Analysis, Immunohistochemistry,
and Immunofluorescence
To assess tissue histology, samples were fixed in 10% formalin,
dehydrated, and embedded in paraffin. Sections (5 mm in thickness)
were examined after hematoxylin–eosin staining.
For immunohistochemical analyses, paraffin-embedded skin
sections were deparaffinized, boiled in 10 mM sodium citrate (pH
6.0) for 25 min, and washed in phosphate-buffered saline (PBS). To
prevent nonspecific interactions, the sections were treated succes-
sively with reconstituted normal goat serum (3%) in PBS (Amer-
sham Life Sciences), 4% bovine serum albumin (BSA) in PBS, and
the Vector Laboratories avidin/biotin blocking kit. Samples were
then incubated for 1 h at room temperature with rabbit antiserum
against either Whn or Ki-67 (Novocastra Laboratories); each anti-
serum was diluted 1:250 into 4% BSA/PBS. To visualize reaction
with the primary antibody, sections were incubated sequentially
with biotinylated goat antiserum to rabbit IgG (diluted in 2%
BSA/PBS), Vectastain Elite ABC reagent (Vector Laboratories), and
3,39-diaminobenzidine (DAB substrate kit peroxidase; Vector Lab-
oratories). Sections were washed with PBS after each incubation.
Following DAB staining, sections were lightly counterstained with
Copyright © 1999 by Academic Press. All righthematoxylin. Slides were viewed on a Nikon Microphot-FXP
microscope using the appropriate filters.
To perform immunofluorescence analyses, tissue samples were
embedded in OCT compound (Tissue-Tek, Miles Inc.), frozen in an
isopentane bath at 270°C, and sectioned at a thickness of 5 mm.
Sections were blocked as described for immunohistochemical
analysis and then incubated with antibodies to either the FLAG
epitope (diluted 1:500 into 1% BSA, 0.3% Triton/PBS, FLAG
BioM2 antibody; Kodak Scientific Imaging Systems), keratin 1
(1:200; Di Cunto et al., 1998), keratin 5 (1:1000; Di Cunto et al.,
1998), keratin 6 (1:1000; Berkeley Antibodies Co.), or involucrin
(1:1000; Berkeley Antibodies Co.); the antibodies to K1 and K5 were
generously provided by Dr. G. P. Dotto (Massachusetts General
Hospital). Successive incubations with biotin-labeled goat anti-
serum to rabbit IgG (Vector Laboratories; omitted for the FLAG
BioM2 antibody) and streptavidin conjugated to fluorescein (Am-
ersham Life Sciences) were performed to detect reaction with the
primary antiserum. The sections were washed with PBS after each
incubation and prior to the final wash, DNA was stained with
propidium iodide at 1 mg/ml (5 min). Slides were examined using
he Leica TCS-NT confocal microscope.
Scanning electron microscopy was performed at the Gillette
esearch Institute.
Northern Blot Analysis of TGFa Expression
Total RNA was isolated from keratinocyte cultures or skin using
the acid guanidinium method (Chomzynski and Sacchi, 1987),
separated on 1.2% agarose/formaldehyde gels (30 mg per sample),
and transferred to Hybond N membranes (Amersham). Blots were
hybridized with 32P-labeled probes derived from either the murine
GFa (a 0.6-kb KpnI/HindIII fragment from IMAGE Consortium
Clone ID 777327; Lennon et al., 1996) or rat GAPDH cDNAs (a
1.3-kb PstI fragment; Tso et al., 1985).
Analysis of EGFR Levels and Activation Status
in Skin
Newborn mice were injected subcutaneously with either PBS or
EGF diluted in PBS (2 mg/g body weight; Murillas et al., 1995).
Twenty minutes after the injections, skin was removed, snap-
frozen in liquid nitrogen, and pulverized using a mortar and pestle.
The pulverized tissue was placed in NP-40 lysis buffer (0.5%
NP-40, 50 mM Tris–HCl, pH 8.0, 120 mM NaCl, 1 mM phenyl-
methylsulfonyl fluoride, 1 mM Na3VO4, 10 mM NaF, 10 mg/ml
aprotinin, and 10 mg/ml leupeptin) and homogenized using a
olytron. Tissue debris was removed by successive centrifugations
f 5 min at 3000g and 30 min at 20,000g. Following the measure-
ent of protein concentrations by Bradford assays (Bio-Rad Labo-
atories), extracts (75 mg) were electrophoresed on 7.5%
polyacrylamide/SDS gels and transferred to Immobilon-P mem-
branes (Millipore). To assess EGFR levels, immunoblots were
incubated sequentially with rabbit antiserum to EGFR (Santa Cruz
Biotechnology) and peroxidase-coupled goat antiserum to rabbit
IgG (Jackson Immunolaboratories). To determine EGFR phosphor-
ylation status, blots were incubated with a peroxidase-coupled
recombinant antibody to phosphotyrosine (RC20-HRP0; Transduc-
tion Laboratories). Antibody reactions were visualized by chemi-
luminescence (ECL, Amersham).
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inv–whn Transgenic Mice Exhibit High Neonatal
Mortality and Abnormalities of the Skin,
Whiskers, and Eyes
Transgenic mice that produce Whn from the involucrin
promoter were generated. In the transgenic construct,
the involucrin promoter is contained within a 3.7-kb
genomic fragment, and this fragment is sufficient to
direct proper tissue-specific expression (Carroll et al.,
1993). The Flag epitope tag was fused to Whn’s N-ter-
minus in order to distinguish the ectopically produced
protein from endogenous Whn (Knappik and Pluckthun,
1994). The construct was injected into fertilized eggs of
DBA 3 C57BL/6 mice (Hogan et al., 1986), and the
presence of the transgene in the resulting pups was
confirmed by PCR or Southern blot analysis. A total of 32
founder mice were obtained, and these animals could be
divided into two phenotypic classes. One class exhibited
a severe phenotype that resulted in death shortly after
birth (72%), while the remaining founders displayed
milder effects and were able to survive to adulthood. The
animals of the most severely-affected class (Fig. 1A) were
born with open eyes and curly whiskers, were usually
smaller than their wild-type littermates, and possessed
grossly abnormal skin that varied in its features accord-
ing to transgene copy number. The mice with the most
extreme phenotype had the highest copy number and
their skin was tight, shiny, and smooth, which greatly
retarded their movement. Within minutes of birth, the
skin of the severely affected animals became flaky, and
over several hours, the mice lost a significant fraction of
their body weight (up to 12%). The combination of flaky
skin and rapid weight loss suggest an inability to retain
water and an impairment of the skin’s barrier function.
Consistent with such a defect, the decline in body weight
was retarded or prevented by placing the pups in a
humidified environment. Thus dehydration is the likely
cause of death of these animals. At the histological level,
the transgenic skin exhibited prominent basalar hyper-
plasia (thickening of the basal epidermal layer), architec-
tural disarray (absence of a clear dermal/epidermal bor-
der), dysmaturation (lack of progressive flattening in the
suprabasal epidermal layers), and increased vacuole for-
mation by keratinocytes (Figs. 1B and 1C). Tight, shiny
skin has been observed in other transgenic or knockout
mice (Blessing et al., 1996; Miettinen et al., 1995; Saitou
t al., 1995; Sellheyer et al., 1993) and is frequently
ssociated with epidermal atrophy. The phenotype of our
ransgenics is unusual therefore, as the mice exhibited
oth tight skin and a hyperplastic epidermis. Structural
efects were not limited to the skin, as the open eyes
Figs. 1D and 1E) resulted from a failure of the eyelids to
use prior to birth (Figs. 1F and 1G).
Copyright © 1999 by Academic Press. All rightThe Severely Affected Transgenic Skin Develops
Abnormally When Grafted
Since the inv–whn construct exhibited neonatal lethality,
we grafted newborn skin in order to study the maturation of
the epidermis and hair follicles (Sundberg et al., 1994). A
total of 50 nude mice received grafts from either the
severely affected transgenics or wild-type controls. In grafts
from wild-type newborns, hair was visible within 7–10 days
and reached maximum length by approximately 2 weeks, a
time course similar to that of intact mouse skin. The
epidermis of wild-type grafts also followed the normal
maturation program, as the multilayered newborn epider-
mis was progressively reduced to the two to three nucleated
cell layers of the adult. The grafts were maintained for 6
months without invasion by the host skin and exhibited
periodic cycles of hair growth, again similar to intact mouse
skin. In contrast to the normal development of the wild-
type grafts, the epidermis of transgenic grafts appeared
scaly, and the hair was sparse and short (Figs. 2A and 2B).
Histologically, the grafted transgenic skin exhibited a dra-
matic epidermal hyperplasia and contained highly abnor-
mal hair follicles often lacking a hair shaft and filled with
cornified material (Figs. 2C and 2D). As judged by the
distribution of Ki-67 (a nuclear marker of proliferation;
Gerdes et al., 1991; Schluter et al., 1993), the transgenic
grafts contained significantly more multiplying keratino-
cytes than control grafts, and similar to hyperproliferative
disorders such as psoriasis, the transgenic epidermis dis-
played suprabasal expression of the basal cell markers a6
and b1 integrin (data not shown) (Carroll et al., 1995;
Tennenbaum et al., 1993). As in intact skin of inv–whn
newborns, dysmaturation was observed in the epidermis of
transgenic grafts, and hyperkeratosis was present around
hair follicle orifices. In grafts derived from tight-skinned
mice, the hair was engulfed by exudate, and the banding
pattern was aberrant and barely visible (Figs. 2E and 2F).
Scanning electron micrographs of these hairs showed defec-
tive shafts covered by scaly debris (Figs. 2G and 2H). In
addition to the epithelial defects, the grafted transgenic
skin contained an immune infiltrate which appeared di-
rected against the hair follicles. This immune response was
never observed in control grafts and was not due to infec-
tion, since the transgenic grafts were negative for the
presence of bacteria and fungi. During the course of 1
month, the grafts progressively lost all their hair, the
follicles filled with cornified material, and the epidermis
was surmounted by a serum-imbued scaly crust. Since the
follicle-centric immune response may have exacerbated the
abnormal graft maturation, skin from transgenic or control
newborns was also grafted onto SCID mice, which possess
a more severely impaired immune system than nude ani-
mals (Sundberg and Shultz, 1994). The transgenic grafts
exhibited the same phenotypes on SCID hosts as on nude
hosts (data not shown). Thus a decrease in host immune
function did not decrease the severity of the transgenic
abnormalities.
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58 Prowse et al.Adult Transgenic Mice Display Epithelial
Hyperplasia, Defective Hair Follicle Development,
and Hydronephrosis
FIG. 1. Developmental defects of newborn inv–whn mice. (A)
bnormal skin, possess open eyes at birth, and are frequently s
ppearance (T2 and T3) in animals with the most extreme phen
ewborns reveals transgene-associated epidermal hyperplasia and s
istological comparison of wild-type (D, F) and inv–whn (E, G) eye
G)). (C), (E), and (G) are derived from mouse T3 in (A). Scale bars:
FIG. 2. Full-thickness skin grafts from wild-type and inv–whn mi
as grafted onto nude mouse hosts. Macroscopically, wild-type gr
bnormally and produce short, sparse hair fibers. Histological secti
ransgenic epidermis; arrowheads indicate the dermal/epidermal b
air fibers from transgenic grafts (F) are covered with exudate and
omparing wild-type (G) and inv–whn (H) hair fibers reveal the deb
F), and (H) are derived from mouse T3 in Fig. 1. Scale bars, 50 mmOur second class of transgenics, comprising nine
founders, exhibited milder phenotypes at birth and survived
e
a
Copyright © 1999 by Academic Press. All rightnto adulthood. Independent lines were established from
hree of these founder animals (lines T6, T9 and T11) by
reeding with C57BL/6 mice. Similar phenotypes were
bserved in all three lines, although the severity and pen-
from the severely-affected class of transgenics (T1–T4) display
r than wild-type littermates (WT). The skin has a tight, shiny
e. Analysis of skin sections from wild-type (B) and inv–whn (C)
ural abnormalities (bracket indicates epidermis). Macroscopic and
ws failure of transgenic eyelids to fuse (denoted by arrowheads in
m for (B) and (C), 100 mm for (F) and (G).
kin from either wild-type or severely affected transgenic newborns
A) generate a dense, long pelage, while inv–whn grafts (B) mature
f wild-type (C) and inv–whn (D) grafts show severe hyperplasia in
. In contrast to the normal morphology of wild-type graft hair (E),
it a disorganized banding pattern. Scanning electron micrographs
d abnormal cuticle surrounding the transgenic hair shaft. (B), (D),Mice
malle
otyp
truct
s sho
50 m
ce. S
afts (
ons o
ordertrance varied. At birth, the animals were frequently runted
nd never attained the size of wild-type littermates. Occa-
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59Whn Regulates Epithelial Developmentsionally these lines gave rise to severely affected pups
which possessed shiny skin, had one or both eyes open, and
died within a few hours of birth. In surviving mice, the skin
and eyes also exhibited defects. In juvenile transgenics, the
appearance of hair was often delayed, the initial pelage hair
was short and waved, and the whiskers were kinked, curly,
or both (Figs. 3A–3D). Upon reaching adulthood, these mice
continued to display impairments in hair production, as
their coats were sparse, contained waved or bent hair fibers,
and developed areas of alopecia (Figs. 3E and 3F). The
whiskers of adult animals remained curly and were often
lost and not replaced, exposing a scaly muzzle. At the
histological level, the hair follicles were misshapen, disor-
ganized, and misaligned (Fig. 3H), abnormalities previously
associated with the emergence of waved hair (Luetteke et
l., 1993, 1994; Mann et al., 1993; Threadgill et al., 1995).
Within many follicles, the hair shaft appeared abnormally
broad, possessing multiple columns of medulla cells.
In addition to these developmental defects, the follicles
displayed an inability to progress through the stages of the
hair cycle. Hair follicles normally proceed through cycles of
growth (anagen), degeneration (catagen), and quiescence
(telogen) (Hardy, 1992), and the pelage follicles of adult
wild-type mice are characterized by long telogen periods
(which generally last longer than anagen phases; Lavker et
al., 1993). In wild-type, 5-week-old mice, the pelage follicles
were in telogen (Fig. 3G), while in transgenic littermates,
catagen or telogen follicles were seldom observed. Rather,
the transgenic follicles remained in an aberrant anagen (Fig.
3H), and such follicles were present at high density in
regions of dorsal skin lacking visible hair. Based on the
distribution of Ki-67, these follicles possessed proliferating
cells in the hair bulb matrix and outer root sheath (data not
shown), but failed to grow hair beyond the skin surface.
Consistent with a prolongation of (or arrest in) the anagen
phase, similar abnormalities were found in 3-month- and
1-year-old transgenic mice. At these ages, the majority of
transgenic pelage follicles were in anagen, while the fol-
licles of control littermates were uniformly in telogen.
Additionally, the cycling defect was observed in skin grafts
derived from severely-affected transgenic newborns, as inv–
whn grafts consistently displayed anagen follicles while
control grafts contained telogen follicles.
Similar to the more severe class of transgenics, the
epidermis of the surviving inv–whn animals exhibited
rominent hyperplasia and dysmaturation of the interfol-
icular regions (Figs. 3I and 3J). While survivors were usu-
lly born with their eyes closed, the failure of eyelids to fuse
rior to birth was observed in a minority of animals. This
efect resulted in scarring and permanent ocular damage as
he pups matured.
While mice derived from the transgenic lines generally
urvived to adulthood, adult transgenics displayed in-
reased morbidity and mortality compared to control ani-
als. Autopsies of deceased adults identified the cause ofeath as hydronephrosis, which is the accumulation of
rine in the kidney due to obstructed outflow (Dorland,
Copyright © 1999 by Academic Press. All right994). Hydronephrosis was observed in two of the original
ine adult founders (which did not breed) and in all three
ransgenic lines, but never in control animals. Penetrance
as greatest in line T6, where 25% of the transgenics
eveloped the disease (Figs. 4A–4C). In most mice, the
isorder was unilateral, but bilateral hydronephrosis was
lso observed. Histopathological analysis revealed severe
yperplasia of the ureter’s luminal epithelium (Figs. 4D–
G), resulting in occlusion of the lumen and blockage of
rine outflow. In addition to the ureter and kidney pheno-
ypes, affected mice also occasionally displayed bladder
bnormalities (Fig. 4C). Using RT-PCR, transgene expres-
ion was confirmed in the ureter and bladder of lines T6 and
9 (Fig. 4H). In wild-type adults, RT-PCR analysis detected
eak expression of endogenous whn in the urinary tract
(data not shown).
Like the hair follicles of inv–whn skin grafts, whisker
follicles of adult transgenics were occasionally surrounded
by an immune infiltrate. Through immunofluorescence
analysis, this infiltrate was found to contain cells positive
for GR-1, a peripheral neutrophil marker (Fleming et al.,
1993), and CD-3, a marker of thymocytes and mature T
lymphocytes (Portoles et al., 1989; data not shown). Since
this immune response may have contributed to the skin
abnormalities, the inv–whn transgenics were bred to Rag1-
deficient mice (Mombaerts et al., 1992), which lack B and T
lymphocytes and possess an immune system equivalent to
nonleaky SCID animals. Mice that carried the transgene
and lacked Rag1 developed epidermal hyperplasia, curly
whiskers, a sparse coat, and hydronephrosis at a frequency
similar to that of transgenic mice possessing wild-type Rag1
(data not shown). These defects were not observed in
Rag1-deficient littermates lacking the inv–whn transgene.
Thus the phenotypic abnormalities of the inv–whn mice
were due to the transgene and were not a secondary conse-
quence of a B- or T-cell-mediated immune response.
Waved Hair, Curly Whiskers, and Open Eyes at
Birth Correlate with Decreased TGFa Expression
Mice carrying mutations in the epidermal growth factor
receptor (EGFR; Luetteke et al., 1994; Miettinen et al.,
1995; Sibilia and Wagner, 1995; Threadgill et al., 1995) or its
ligand transforming growth factor-a (TGFa; Luetteke et al.,
1993; Mann et al., 1993) display a subset of the phenotypes
observed in the inv–whn animals, notably open eyes at
birth, waved pelage hair, and curly whiskers (Figs. 1A, 1E,
and 3A–3F). Thus we examined whether the EGFR signal-
ing pathway was affected in transgenic skin and primary
keratinocyte cultures. To obtain proliferation in vitro, mu-
rine keratinocytes must be cultured with low calcium
concentrations (50 mM); upon exposure to higher levels of
calcium (e.g., 2 mM), the cells arrest multiplication and
initiate a terminal differentiation program resembling that
of the epidermis (Hennings et al., 1980). In wild-type
keratinocyte cultures, TGFa mRNA was present under
s of reproduction in any form reserved.
a
a
o
i
(
F
a
(
(
(
i
t
60 Prowse et al.FIG. 3. Phenotypic abnormalities of juvenile and adult transgenic mice. Wild-type (A, C, E) and inv–whn (B, D, F) littermates of line T6
re shown at 10 days (A, B), 21 days (C, D), and 2 months (E, F) after birth. Delayed hair growth, a runted appearance, and curly whiskers
re characteristic of juvenile transgenics. Adult inv–whn mice exhibit bent, sparse pelage hair and regions of alopecia. Histological sections
f adult skin (G–J) show wild-type hair follicles in telogen (G) and transgenic follicles in an aberrant anagen (H). Structural defects of
nv–whn follicles include a waved shape (arrowhead in (H)) and an abnormal thickening of the hair shaft (arrow). Comparison of wild-type
I) and inv–whn (J) epidermis (indicated by brackets) reveals transgene-associated hyperplasia. Scale bars, 50 mm.
IG. 4. Hydronephrosis in adult inv–whn mice. Urinary systems are shown from wild-type (A) and transgenic (B, C) adults of line T6. The
rrow in (B) indicates the early stages of hydronephrosis, while (C) illustrates severe unilateral hydronephrosis with dilation of the kidney
arrowhead) and bladder (open arrow). In histological sections of adult ureter (D–G), the thinner epithelium and open lumen of the wild-type
D, F) contrast with the epithelial hyperplasia and focal occlusions of the transgenic (E, G). The luminal epithelium is bracketed in (F) and
G). (H) RT-PCR analysis of ureter and bladder RNA from wild-type (WT) and transgenic (T9 and T6) adults. inv–whn transcript is expressed
n both transgenic lines. The detection of b-actin mRNA served as a positive control. The absence (2) or presence (1) of reverse
ranscriptase in the reactions is indicated. Scale bars, 50 mm.
Copyright © 1999 by Academic Press. All rights of reproduction in any form reserved.
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61Whn Regulates Epithelial Developmentlow-calcium conditions and was strongly induced following
calcium treatment (Fig. 5A). In contrast, transgenic keratin-
ocytes displayed significantly lower levels of this transcript
both before and after calcium-induced differentiation. Con-
sistent with these in vitro results, TGFa mRNA was also
reduced in adult transgenic skin (Fig. 5A), suggesting that
Whn downregulates the expression of this growth factor.
Following ligand binding, EGFR undergoes autophos-
phorylation on tyrosine residues (Pawson and Schlessinger,
1993), an essential step in receptor activation. To determine
whether the transgene affected EGFR, the level of this
protein and its tyrosine phosphorylation status were exam-
ined in newborn skin. Cell lysates were prepared following
either EGF or saline injection, and the amounts of total and
activated receptor were determined on immunoblots. As
shown in Fig. 5B, neither the level of EGFR nor its ability to
be activated (as judged by autophosphorylation) were al-
FIG. 5. TGFa expression and EGFR activity. (A) Northern analysis
f TGFa transcript. RNA was isolated from either primary keratino-
cyte cultures (lanes 1–6) or adult back skin (lanes 7–9). Cultures were
derived from wild-type or inv–whn mice and harvested before or after
treatment with 2 mM CaCl2; times after calcium addition are indi-
cated in hours. The expression of TGFa mRNA (4.5 kb) is significantly
educed by the transgene in both culture and skin. To demonstrate
qual loading, the blots were reprobed with a GAPDH cDNA. (B)
mmunoblot blot analysis of EGFR. Protein extracts were prepared
rom newborn skin after the subcutaneous injection of PBS or EGF in
BS. Immunoblots were incubated with either anti-EGFR (left) or
nti-phosphotyrosine antibodies (right). In transgenic skin, the EGFR
rotein (170 kDa) is not altered in its levels, phosphorylation status, or
esponse to EGF administration.tered by the transgene. Thus the open eyes, waved hair, and
curly whiskers of the transgenics do not result from a
t
b
Copyright © 1999 by Academic Press. All rightecrease in functional EGFR. Rather, the downregulation of
GFa is a likely cause of these phenotypes.
Ectopic Expression of whn in the Epidermis Affects
Keratinocyte Proliferation and Differentiation
Transgene expression was examined by immunofluores-
cence with antibodies to the Flag epitope. The exogenous
Whn protein was uniformly present in the upper spinous
and granular layers of the epidermis (Figs. 6A–6D), the
normal sites of involucrin expression (Figs. 6E and 6G). The
transgenic and wild-type mice displayed no differences in
the distribution of involucrin (Figs. 6E–6H), showing that
the transgene’s involucrin promoter did not interfere with
endogenous involucrin expression. Furthermore, the Flag
epitope did not inactivate Whn, since the inv–whn trans-
gene could restore visible hair to genetically nude mice
(unpublished data). Similar to the distribution of involu-
crin, the expression patterns of filaggrin (Rothnagel et al.,
987) and loricrin (Mehrel et al., 1990), two other late
arkers of the keratinocyte differentiation program, were
ot altered in the transgenic mice (data not shown).
In the epidermis of wild-type newborns, the Whn protein
as found primarily in the first suprabasal layer (Fig. 6I), but
as also detected occasionally in both basal keratinocytes and
ore superficial spinous cells. The protein exhibited a nuclear
ubcellular location, consistent with the function of a tran-
cription factor. In the thinner epidermis of wild-type adults,
hn-containing keratinocytes were reduced in number and
etected sporadically (Fig. 6K). In the transgenics, keratino-
ytes possessing Whn were more numerous, as the epidermis
ontained both the endogenous and the exogenous proteins
Figs. 6J and 6L). In inv–whn adults, the number of Whn-
ositive cells, particularly in the basal layer, was greater than
xpected given the Flag staining and the distribution of Whn
n wild-type mice. Thus transgene expression resulted in the
pregulation of endogenous Whn.
To characterize the hyperplastic phenotype of the trans-
enic epidermis, skin sections were stained with antibodies
o keratin 5 (K5; Figs. 7A, 7B, 7E, and 7F), keratin 1 (K1; Figs.
C, 7D, 7G, and 7H), Ki-67 (Figs. 8A–8D), or keratin 6 (K6;
igs. 8E and 8F). K5 is normally a marker of basal keratin-
cytes (Byrne et al., 1994; Fuchs and Green, 1980), which
re the progenitors of the postmitotic, suprabasal cells. In
ransgenic epidermis, K5 was detected in several suprabasal
ayers as well as the basal layer, demonstrating the hyper-
lasia of basal-like cells. Consistent with this result, the
ransgenic epidermis displayed suprabasal a6 and b1 inte-
grin (data not shown), which are confined to the basal layer
in wild-type epidermis (Carroll et al., 1995; Tennenbaum et
al., 1993). Though exhibiting basal keratinocyte markers,
the suprabasal layers of the transgenic epidermis also pos-
sessed K1, an early marker of terminal differentiation
(Byrne et al., 1994; Fuchs and Green, 1980; Huitfeldt et al.,
991). Given the overlapping K1 and K5 staining patterns,
erminal differentiation was presumably initiated by supra-
asal cells but was impaired or abnormal.
s of reproduction in any form reserved.
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62 Prowse et al.FIG. 6. Epidermal locations of Whn and involucrin. Skin biopsies were removed from wild-type newborns (A, E, I), severely affected
inv–whn newborns (B, F, J), wild-type adults (C, G, K), or inv–whn adults (D, H, L). Frozen sections were stained by indirect
mmunofluorescence (green) with antibodies to FLAG (A–D) or involucrin (E–H); nuclei were visualized with propidium iodide (red). In
ransgenic epidermis, the exogenous Whn and endogenous involucrin proteins are detected in the granular and superficial spinous layers.
I–L) Paraffin sections were stained by immunohistochemistry (reddish brown) with antibodies to Whn and counterstained with
Copyright © 1999 by Academic Press. All rights of reproduction in any form reserved.
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63Whn Regulates Epithelial DevelopmentIn both wild-type and inv–whn newborns, nuclear Ki-67
as present in many keratinocytes and was confined princi-
ally to the basal layer, although suprabasal, Ki-67-positive
ells were more frequently observed in the transgenics. In
dult mice, the differences in Ki-67 staining became more
ramatic. Keratinocytes with nuclear Ki-67 were infrequent in
ild-type epidermis but abundant in the transgenic, compris-
ng most of the basal layer. Thus transgene expression led to a
ignificant increase in the number of multiplying cells, and
hese keratinocytes exhibited a primarily basal location. In the
uprabasal cells of the transgenic epidermis, the absence of
i-67 and the presence of differentiation markers (such as K1
nd involucrin) strongly suggest the loss of the ability to
roliferate. Consistent with the Ki-67 staining pattern, the
ransgenic interfollicular epidermis contained keratin 6,
hich is restricted to hair follicles except in cases of hyper-
roliferation (Stark et al., 1987). Thus ectopic whn expres-
ion in suprabasal keratinocytes resulted in both increased
asal cell proliferation and the disruption of epidermal
ifferentiation.
DISCUSSION
Phenotypic Effects of Ectopic whn Expression
Since the nude phenotype results from loss-of-function
mutations in whn (Nehls et al., 1994; Segre et al., 1995), we
xamined the consequences of ectopic whn expression (a
ain of whn function) in transgenic mice. Using the involu-
rin promoter, whn expression was targeted to epithelial
ells that have lost the ability to proliferate and are under-
oing terminal differentiation. The inv–whn transgenic
ice exhibit severe abnormalities of the epidermis, hair
ollicles, eyelids, and urinary tract. At the cellular level,
ransgene expression has two major consequences. One
onsequence is the stimulation of epithelial cell multipli-
ation. In the epidermis and ureter, epithelial cells display
yperproliferation, leading to a significant (and often lethal)
hickening of these structures. In addition, adult hair fol-
icles do not exit anagen and thus attempt to produce hair
ontinuously rather than cyclically. Confirming these ef-
hematoxylin. In wild-type epidermis, Whn is nuclear and found
Whn-positive keratinocytes in all nucleated layers. Arrowheads in
IG. 7. Distribution of keratins 5 and 1 in the epidermis. Skin w
ewborns (B, D), wild-type adults (E, G), or inv–whn adults (F, H). Fr
ntibodies to K5 (A, B, E, F) or K1 (C, D, G, H); DNA was counters
re present in multiple suprabasal layers, indicative of hyperplasia
FIG. 8. Presence of Ki-67 and keratin 6 in the epidermis. Skin b
inv–whn newborns (B), wild-type adults (C, E), or inv–whn adults
reddish brown) with antibodies to Ki-67 and counterstained with
eratinocytes with nuclear Ki-67, while such cells are infrequen
pidermal border is marked by arrowheads. (E, F) Indirect immuno
o K6; nuclear DNA was stained with propidium iodide (red). In transgen
eratinocyte hyperproliferation. Scale bars, 50 mm.
Copyright © 1999 by Academic Press. All rightects on cell division, nuclear Ki-67 is observed in an
ncreased number of epidermal keratinocytes and is present
n the progenitor cell compartments of the anagen-arrested
air follicles. Furthermore, K6 is found throughout the
nterfollicular epidermis. Though stimulating hyperprolif-
ration, transgene expression is not detected in multiplying
asal keratinocytes and is restricted to cells exhibiting
erminal differentiation markers. Thus ectopic whn expres-
ion in postmitotic, differentiating cells induces prolifera-
ion in neighboring epithelial populations.
The second consequence of transgene expression is the
isruption of terminal differentiation in the epidermis and
air follicles. The most severely affected transgenic animals
isplay flaky skin and rapid weight loss, phenotypes which
re ameliorated by humidifying the environment. These
esults are consistent with a defect in epidermal differen-
iation and an impairment of the skin’s barrier function
reviewed in Roop, 1995). At the molecular level, the
uprabasal keratinocytes of transgenic epidermis exhibit
oth K1 and K5, implying that these cells initiate terminal
ifferentiation but improperly maintain basal-like charac-
eristics. In the hair follicles of surviving transgenic mice,
air shafts form but are abnormally thickened and fre-
uently do not emerge from the follicles. Since transgenic
ollicles are arrested in anagen, the failure of the hair shafts
o emerge suggests an impairment of terminal differentia-
ion. In the absence of Whn function (nude mice), hair
ollicle development is also perturbed, as the follicles often
ack differentiated cell layers and produce truncated, incor-
ectly formed hair shafts (Ko¨pf-Maier et al., 1990). Thus
oth gain-of-function and loss-of-function mutations in
hn disrupt epithelial cell differentiation.
In transgenic adults, the hyperplasia of ureter epithelium
as associated with a high rate of hydronephrosis, showing
hat Whn is capable of profoundly affecting the urinary
ract. In RT-PCR analysis of wild-type urothelium, endog-
nous whn expression is weakly detected, but nude mice do
ot display any obvious urinary defects. Thus it is not clear
s yet whether endogenous Whn normally plays a role in
he development or maintenance of the urinary system.
nly in the deepest spinous cells. Transgenic epidermis contains
e the dermal/epidermal border. Scale bars, 50 mm.
opsied from wild-type newborns (A, C), severely affected inv–whn
sections were stained by indirect immunofluorescence (green) with
d with propidium iodide (red). In transgenic epidermis, K5 and K1
impaired differentiation. Scale bar, 50 mm.
es were analyzed from wild-type newborns (A), severely affected
). (A–D) Paraffin sections were stained by immunohistochemistry
atoxylin. Adult transgenic epidermis (D) contains numerous basal
age-matched controls (indicated by arrows in (C)). The dermal/
escence (green) was performed on frozen sections with antibodiesmai
dicat
as bi
ozen
taine
and
iopsi
(D, F
hem
t in
fluoric skin, K6 is detected in interfollicular epidermis, consistent with
s of reproduction in any form reserved.
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64 Prowse et al.Modulation of TGFa Expression by Whn
The EGFR signaling pathway regulates epidermal and hair
follicle development, and mutations in this pathway produce
a subset of the phenotypes present in our inv–whn animals.
pecifically, open eyes at birth, curly whiskers, and disorga-
ized, misshapen hair follicles (that give rise to waved hair) are
ssociated with TGFa-null mutations (Luetteke et al., 1993;
Mann et al., 1993), EGFR knockouts (Miettinen et al., 1995;
Sibilia and Wagner, 1995; Threadgill et al., 1995), a dominant-
negative EGFR protein (Murillas et al., 1995), and the EGFR
waved-2 mutation (Luetteke et al., 1994). In addition, anagen-
arrested hair follicles are observed in transgenic mice possess-
ing the dominant-negative EGFR (Murillas et al., 1995) and in
skin grafts from EGFR knockout mice (Hansen et al., 1997). In
inv–whn skin, EGFR levels, activation status, and responsive-
ness to ligand are not altered, suggesting that Whn does not
directly affect this receptor. In contrast, TGFa expression is
modulated by Whn, as the TGFa transcript is significantly
reduced in transgenic skin. Similar results are obtained with
primary keratinocyte cultures; transgenic keratinocytes con-
tain lower levels of TGFa mRNA than wild-type cells both
before and after the induction of differentiation with calcium.
Thus in our transgenics, defects in eyelid and hair follicle
development are likely to result, at least in part, from de-
creased signaling via TGFa. Since TGFa, like Whn, is essen-
ial for normal hair follicle development, it is perhaps not
urprising that Whn can influence TGFa expression.
Whn possesses a negatively charged C-terminal domain,
nd in transient transfection assays, this domain or the full-
ength protein can activate the transcription of reporter
onstructs (Brissette et al., 1996; Schlake et al., 1997;
chu¨ddekopf et al., 1996). Given this ability to function as a
ranscriptional activator, Whn may not act directly on the
GFa promoter but may reduce TGFa expression through
other factors.
In contrast to the hair and eye phenotypes, the epidermal
abnormalities of the transgenics do not correlate with de-
creased TGFa or EGFR signaling. The inv–whn animals dis-
lay hyperplasia and aberrant differentiation in the epider-
is, while mice lacking EGFR exhibit epidermal atrophy
Miettinen et al., 1995; Sibilia and Wagner, 1995; Threadgill et
l., 1995), and TGFa-null mice possess a normal epidermis
Luetteke et al., 1993; Mann et al., 1993). Thus Whn’s effects
are not limited to the EGFR signaling pathway.
Mechanism of Transgene-Induced
Hyperproliferation
Since transgene expression is not detected in basal kera-
tinocytes, the transgene-associated proliferation of these
cells is presumably a response to one or more of the
following conditions: an immune infiltrate in the dermis,
the impaired differentiation of suprabasal keratinocytes, or
the release of growth factors by whn-expressing cells. In
mice as well as humans, epidermal hyperplasia is fre-
quently associated with (and potentially influenced by) an
immunological response. For example, a murine “psoriasis-
Copyright © 1999 by Academic Press. All rightike” disorder can be induced by reconstitution of SCID
ice with minor histocompatibility-mismatched naive
D41 T cells (Schon et al., 1997). Second, skin grafts
erived from EGFR knockout mice develop an immune
nfiltrate and epidermal hyperplasia (Hansen et al., 1997),
ven though the epidermis atrophies in intact knockout
kin (Miettinen et al., 1995; Sibilia and Wagner, 1995;
hreadgill et al., 1995). While inv–whn skin exhibits an
mmune reaction under certain conditions, no immune
esponse is observed in the hyperplastic skin of severely
ffected neonates. Similarly, the back skin of adult trans-
enic animals rarely contains a significant immune infil-
rate but consistently exhibits epidermal hyperplasia as
ell as anagen-arrested hair follicles. Furthermore, the
mmunodeficient Rag1-null mice (Mombaerts et al., 1992)
isplay the same transgene-associated hyperproliferation as
ag1-wild-type controls. Thus the epidermal hyperplasia
oes not correlate with the presence of an immune infil-
rate, and it is unlikely that an immune response is the
rimary cause of the hyperproliferative phenotype.
Defects in differentiation are also known to result in
pidermal hyperplasia. In mice, the expression of truncated
eratins leads to fragile skin, extensive blistering, and
levated basal cell multiplication (Fuchs et al., 1992; Vassar
t al., 1991). Similarly, keratin 10-null mice exhibit epider-
al fragility, severe skin erosions, and keratinocyte hyper-
roliferation (Porter et al., 1996). In contrast, the inv–whn
skin does not blister and displays no evidence of fragility or
repeated wounding. Thus, the inv–whn transgenics do not
possess the type of differentiation defect previously shown
to stimulate multiplication. The phenotype of the severely
affected inv–whn newborns is consistent with impaired
function of the epidermal barrier, and two other mutations
in mice lead to barrier defects—the inactivation of trans-
glutaminase 1 (Matsuki et al., 1998) and the production of a
ominant-negative retinoic acid receptor (RAR; Imakado et
l., 1995). The transglutaminase and RAR mutant animals
xhibit red, shiny skin, possess an abnormal stratum cor-
eum, and frequently die within hours of birth, but do not
isplay epidermal hyperplasia. Thus barrier defects in mice
re not necessarily associated with keratinocyte hyperpro-
iferation. Since ectopic whn expression also stimulates cell
division in the hair follicles and urinary tract, the
transgene-induced hyperproliferation is consistent with the
release of growth factors by Whn-positive cells.
The whn Expression Pattern and the Effects
of nude Mutations
During embryonic development, endogenous whn ex-
pression is induced as the first signs of terminal differentia-
tion appear in the epidermis and hair follicles (Lee et al.,
1999). Following birth, epidermal whn expression becomes
confined principally to the first suprabasal layer, which
contains keratinocytes in the early stages of the terminal
differentiation program (Figs. 6I and 6K; Lee et al., 1999). In
the hair follicle, whn is strongly expressed in the epithelial
s of reproduction in any form reserved.
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65Whn Regulates Epithelial Developmentcells of the upper hair bulb (Lee et al., 1999), which are the
precursors of the hair shaft and inner root sheath (Hardy,
1992); like the whn-expressing cells of the epidermis, these
ollicular cells are postmitotic and in the early stages of
erminal differentiation. Though associated primarily with
ifferentiating cell types, whn expression is also found in a
subset of progenitor cells located in the basal epidermal
layer, hair bulb matrix, and outer root sheath (Lee et al.,
1999). Given this expression pattern, it is likely that epi-
thelial cells induce whn activity either immediately before
r coincident with the initiation of terminal differentiation.
hus whn expression is associated with the transition or
onversion of a cell from proliferative to postmitotic.
One major effect of the nude mutations is the impair-
ent of cutaneous terminal differentiation. In nude hair
ollicles, the inner root sheath and hair shaft exhibit struc-
ural abnormalities, the most striking of which is the
bsence of the hair cortex (Ko¨pf-Maier et al., 1990). More-
ver, nude epidermis displays a reduced number of tonofila-
ents and the irregular formation of the stratum corneum
Ko¨pf-Maier et al., 1990). In culture, nude mouse primary
eratinocytes possess altered levels of differentiation mark-
rs, producing lower amounts of the early marker keratin 1
nd higher levels of the late markers involucrin and filag-
rin (Brissette et al., 1996). Though less obvious than the
berrant differentiation, proliferation defects are also asso-
iated with nude mutations. Nude primary keratinocytes
re more difficult to cultivate than wild-type cells and
equire high plating densities. Following plating, the nude
ells exhibit a greater tendency to arrest multiplication and
nitiate terminal differentiation (Brissette et al., 1996). In
ddition, nude mouse skin displays a lower incidence of
umor formation in response to standard carcinogenesis
rotocols (Holland et al., 1976; Yuspa et al., 1979), consis-
ent with a decrease in the proliferative potential of the
pithelial cells. Thus whn function is necessary for proper
pithelial growth and differentiation.
Role of Whn in the Development and Maintenance
of the Skin
On the basis of our in vivo studies, we have constructed
model to explain whn function in the skin. During the
ormation of the epidermis and hair follicles, whn expres-
ion is induced as epithelial cells lose the ability to multi-
ly and initiate terminal differentiation. We propose that
hn regulates the transcription of genes associated with
he early stages of differentiation and that these Whn target
enes possess two distinct functions. One function is to
romote the differentiation of whn-expressing cells. This is
onsistent with the impaired differentiation of nude epider-
is and hair follicles (Ko¨pf-Maier et al., 1990), as well as the
aberrant differentiation of cultured nude keratinocytes
(Brissette et al., 1996). The second function of the Whn
target genes is to stimulate cell proliferation by a paracrine
(growth factor-mediated) mechanism. This explains the
hyperproliferation induced by the inv–whn transgene, the
Copyright © 1999 by Academic Press. All rightproliferation-related defects of cultured nude keratinocytes
(Brissette et al., 1996), and the resistance of nude skin to
chemical carcinogenesis (Holland et al., 1976; Yuspa et al.,
1979). Thus according to our model, a whn-expressing
epithelial cell initiates terminal differentiation and simul-
taneously stimulates neighboring cells (which do not ex-
press whn) to proliferate. In this way, the differentiating cell
is replaced as it leaves the pool of progenitor cells, and the
balance between proliferating and differentiating popula-
tions is maintained.
In summary, our results are consistent with Whn acting as
a regulator of epithelial self-renewal, as both the gain of Whn
function (the inv–whn transgene) and the loss of Whn func-
ion (the nude mutations) disrupt the control of keratinocyte
rowth and differentiation. Recently, a homolog of whn was
dentified in humans (Schorpp et al., 1997). The human whn
ene is expressed in skin and thymus, and its product is 85%
dentical to murine Whn (Schorpp et al., 1997). Moreover, we
ave found that a nonsense mutation in human whn is
ssociated with congenital alopecia and severe T cell defi-
iency, a condition closely resembling the nude mouse phe-
otype (Frank et al., 1999). Thus it is clear that whn function
s conserved in humans. Given the phenotype of our trans-
enic mice, alterations in whn expression or activity may also
ontribute to diseases associated with hyperproliferation.
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